Abstract-In this paper, we first introduce a multijoint manipulator that was named "Moray arm," which is a slider-integrating multijoint manipulator, where a powerful slider is installed at the base of the arm. The Moray arm emulates the motion of a Moray, thus, allowing it to easily enter a narrow space while avoiding obstacles. To elucidate the features of the Moray arm, we present new control methods named "Moray drive" and "two-degrees-offreedom ( 
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I. INTRODUCTION
I N THIS PAPER, we introduce a multijoint manipulator named "Moray arm," and propose the control methods specifically for the Moray arm. The Moray arm, inspired by the motion of a Moray which lives in the ocean bottom, is realized by installing a hyper-redundant arm on a powerful slider.
Hyper-redundant manipulators having large number of kinematic degrees-of-freedom (DOF), possess unconventional features such as the ability to enter a narrow space while avoiding obstacles. These manipulators, thus, are suitable for applications where a conventional industrial robot could never be introduced. There have been several attempts to reduce the arm weight, because the weight is the most crucial factor in realizing a hyper-redundant manipulator. One design tried to minimize the weight of each joint by using mechanisms in which the actuators were mounted on the arm base and their power was transmitted by tendons and/or special transmission mechanisms to each joint [1] - [5] . Another idea is to use special lightweight and powerful rotating joints [6] - [9] . Nevertheless, those contrivances have not yet fully satisfied the specification required in practical applications. Recently, some hyper-redundant manipulators were developed [10] - [14] , and many control methods were also proposed [15] - [21] . However, these works were limited to the fixed-base hyper-redundant manipulator but not the moved-base one, and no work on how to effectively use the driven base to reduce the arm weight itself was performed.
In order to reduce further the weight of the arm itself, we proposed a multijoint manipulator (Moray arm) consisting of the arm itself and a powerful driving system (slider) installed at the base [22] , and developed an experimental hardware platform [23] . To elucidate the features of the Moray arm, we propose the control methods specifically for the mechanism: Moray drive and 2-DOF Moray drive. Based on the 2-DOF Moray drive control, the obstacle avoidance control scheme is presented as well for the Moray arm to perform a pick-and-place task while avoiding the existing static obstacles in environment. It should be noted that this paper is not the first one introducing the sliderintegrating multijoint manipulator. Several experimental manipulators with sliders were already made [6] - [9] , [25] , [26] . Those foregoing studies, however, used a slider only for a housing function. How to use effectively the slider-driving system was never discussed. In this paper, we propose the control schemes for the slider-integrating multijoint manipulator, that make full use of the slider-driving power. This study is to make it possible to realize a multijoint hyper-redundant manipulator for applications such as maintenance of nuclear reactors, collection of lumps of existing manganese under sea, bridge inspection, search and rescue, and care of patients.
The structure of the remainder of the paper is as follows: in Section II, we introduce the Moray arm and its experimental hardware platform; in Section III, we present new control methods named "Moray drive" and "2-DOF Moray drive" for the Moray arm; in Section IV, we discuss the obstacle avoidance control algorithms and propose an obstacle avoidance control scheme for the Moray arm; then, conclusion of the paper is given at Section V. Simulations through the computer and the experimental hardware platform were performed to verify the validity of the proposed control schemes and their results are given in the respective sections.
II. MULTIJOINT MANIPULATOR ARM: MORAY ARM
Moray arm is characterized by a mechanism integrating a powerful prismatic joint (slider) at the arm base as shown in Fig. 1 .
The Moray arm with a multijoint arm installed on the base slider, has the following basic properties.
1) The slider that is mounted on the ground is free from the restriction of the weight. It is, thus, possible to utilize a powerful actuator as the slider in practice. Powerful motions of the Moray arm could be generated by subrogating most of the driving power onto the powerful slider. In other words, the slider could output more driving power required for manipulation. This means that the actuators mounted at joints of the arm can be light weight and with low output power. As a result, the light weight arm would be capable of performing heavy tasks.
2) The slider could simultaneously act as a housing for the arm; in case that a given task requires only a short arm, for example, the rest of the arm could remain in the slider and be safe from sustaining damages. This makes the Moray arm suitable for applications such as a patients-care robot shown in Fig. 2 . The arm is generally staying in the loft and is pushed out of the loft only when it is required for operation.
3) The Moray arm moves as it traces a planned trajectory, which is formed by the arm itself, and makes little swing motion. This enables the arm to be manipulated quickly while avoiding obstacles in a narrow space. 4) Since the Moray arm makes little swing motion, the arm is suitable for under-water-working tasks such as a submarine robot as shown in Fig. 3 (b) to collect lumps of manganese, because it minimizes the fluid resistance caused by the arm movements. The arm of the Moray arm can be a conventional one where the actuators are mounted at each joint. But for reducing the arm weight, we used a coupled tendon-driven arm [10] , [15] that was developed by using the coupled tendon-driven mechanism shown in Fig. 4(a) , where the coupled function of the tendon traction forces enables the lightweight manipulator to execute heavy tasks [24] . The experimental hardware platform of the Moray arm was developed by installing a coupled tendon-driven arm, whose length is 0.8 m and mass is 4.096 kg, on a slider that is driven by a 250 W powerful dc motor, as shown in Fig. 4 (b) [23] . It is a planar [or two-dimensional (2-D)] Moray arm that has 11-DOFs-10-DOFs for the arm and 1-DOF for the base slider. The controller of the Moray arm was built up through the RT-Linux on a personal computer (Intel Pentium 300 MHz, DRAM: 128 MB). Preliminary tests on the hardware platform of the Moray arm confirmed the excellence of its basic movement performance, even though there remain some problems in the servo-control systems.
Note that a 3-D Moray arm can also be easily realized by introducing a revolving joint at the base of the arm or utilizing a spatial arm. The discussion of this study is however limited to 2-D for simplicity, and the 3-D Moray arm would be further investigated in the future.
III. CONTROL METHODS FOR MORAY ARM
Traditionally, kinematic analysis and motion planning for redundant manipulators have relied upon a pseudoinverse [27] , [28] , generalized inverse [29] , or extended inverse [30] of the manipulator Jacobian matrix. These schemes, however, are difficult to implement in the real-time control when including the dynamic effect of the arm into consideration, because of their computational inefficiency in manipulation of matrices and non- linear terms. To elucidate the features of the Moray arm and to solve the computational time problem, we propose the control methods named "Moray drive" and "2-DOF Moray drive" specifically for the Moray arm.
A. Moray Drive Control
Moray drive control generates rotating motion of the joints in synchronization with linear motion of the slider while restricting the arm on the trajectory (Fig. 5) . In this motion, the arm is drawn back from the initial position completely into the housing, and then is extended forth from the housing into final position, while all joints of the arm are restricted onto the trajectory.
In the Moray drive, the arm posture is divided into two parts, consisting of a straight line part inside the housing and a curved line outside the housing expressed by the curvature function , where distance is measured from the outlet of housing (Fig. 6 ). The posture of the whole arm from base to tip is defined by the curvature , and is given by (1) where is the arm length and is the slider displacement. While the curvature of the trajectory is known, the joint angle ( ) corresponding to the joint position , is approximately derived from the following integrations, on the assumption that is much smaller than the trajectory length (2) where is the link length. This discrete method through which the discrete manipulator arm (its link length is 0.5 and number of links is 7) is restricted onto the continuous curve (its curve length is 3.5) , makes the position error of the end position of the manipulator smaller than 0.01 and the position error of each joint smaller than 0.01 [31] .
1) Basic Trajectory in View of Kinematics:
To drive the Moray arm by the Moray drive control, the optimal trajectory, which is traced not only by the end-effector but also by all joints of the arm, should be considered first. The most basic trajectory, which is one in free space, will be discussed first from kinematic viewpoint.
[Conditions] The following conditions are set for the Moray arm and its motion.
The mass of the arm is assumed to be nil because only kinematics is considered here.
Let the housed state of the Moray arm be that, in the coordinate , the end-effector is at the outlet and the whole arm is on the axis in the negative domain. The joints are designed to start the bending motion only when the joints advance, passing by the outlet , to the domain of , as shown in Fig. 7 .
Each link is assumed to have the same length of . Under a random posture, let the first joint moving into the domain from named and describe toward the end-effector. Therein, is the number of joints in the domain and is the end-effector . Link between and is named ( ). The motion is assumed in free space and no obstacles are assumed to exist. The target point and the trajectory curve are assumed to be included in the plane. Let the joint be the origin of the instantaneous static coordinate , which is defined as the coordinate moving with the joint and assumed to be static at the time of analysis. The axis of the coordinates is defined along the axis, while, the axis is defined to pass the joint and parallel with axis. The driving system of each joint is assumed to be equal and the maximum joint angular velocity (MJAV) be . The slider is assumed to be powerful enough so that the generated propelling velocity has no upper limit.
[Introduction of ] Let us discuss the optimal trajectory along which the operation time is minimized when the end-effector of the Moray arm moves from the outlet to a random point on the plane. The Moray drive control can be realized when the arm moves satisfy the two following conditions. 1) Each joint of the arm, after going into the space from the outlet , starts to bend at the MJAV and maintains the bending motion at the said velocity during the movement.
2) The slider's velocity should be so adjusted at an appropriate value in synchronization with the bending motion of the joints that the end-effector arrives at the desired position . In assuming such a control method, the curvature of the trajectory curve of the arm, if the link length is short enough, is easily derived as (see Appendix I) (3) where is the MJAV per unit link length. Equation (3) shows that the curvature of the trajectory curve is in proportion to the curve length . A curve possessing such characteristics is usually called . On this account, it is found that the basic trajectory of the Moray drive is Clothoid spiral. point is on the axis, the arm is shown to approach at infinitely-fast velocity, with nil of the arrival time. When the end-effector moves from to tracing the dotted lines, the operation time is 0.5 s for the pulling-in process in -section and 1.0 s for the pushing-out process in -section, totaling 1.5 s.
2) Basic Trajectory in View of Dynamics:
This section will discuss the optimal trajectory of the Moray drive in free space when the dynamics of the arm is taken into consideration.
When the trajectory of the Moray arm is given, the problem of obtaining the joint torques necessary for the Moray arm to track the trajectory can be solved without much complications even if the Moray arm has hyper-redundant DOFs, provided that appropriate restricting conditions to the motion of the joints are given. On the contrary, not so easy to be solved is the problem in which a trajectory for the Moray arm to trace must be produced while the conditions on the output characteristics of actuators are given. In this paper, we, thus, introduce an approximating analysis technique, in which the trajectory during the Moray drive is approximated by plural Spline interpolation curves, and from which a curve having the highest dynamic optimality is chosen among them.
The procedure of the analysis technique using Spline interpolation follows. 1) The point located at unit link length on the positive domain of the axis from the outlet is named . The imagined Spline curve group is set between the points and on the plane as shown in Fig. 9 . Therein, the point is assumed to be in the range of . Besides, the curve group to be chosen is assumed tangent to the axis at the point and approached the target point at the kinds of incident angles ( ), and is sets of the interpolation curve group passing the 's intermediate point group ( ) set in the plane. Fig. 9 shows the Spline interpolation curve group, where three kinds of incident angles exist at point and the seven intermediate points are set. 2) In the Moray drive, a given Spline curve of is traced by each joint of the Moray arm. All the kinematics and dynamics, as well as the largest power, , generated at the actuator for driving the joints of the Moray arm, are calculated in the case of the Moray arm tracing the given Spline curves (see Appendix II). 3) The above calculations are conducted for every case that the Moray arm traces the given Spline curve of by the Moray drive. Consequently, the curve is obtained which minimizes among all Spline curve group .
3) Simulation Experiments:
The simulation test was executed based on the proposed analysis technique using Spline interpolation curves, to show the validity of the Moray drive control.
In the first simulation, arm mass was assumed to be nil and the optimal trajectory was induced with the performance criterion of minimizing the operation time. The optimal solution was known and was supposed to agree with the Clothoid spiral as discussed in Section III-A. On this account, this simulation test was conducted as the demonstration to prove the validity of the proposed approximation analysis method using the Spline interpolation curves.
In the test, the arm was designed to have seven links with the length being 0.5 m. Fig. 10(a) shows the minimum-time trajectory (solid line) based on the Spline interpolation and a trajectory (broken line) corresponding to the Clothoid curve. It is known that the optimal trajectory obtained by the Spline interpolation curve is analogous to the Clothoid curve. As a result, we know that the proposed analysis method using the Spline interpolation curves is valid for deriving the optimal trajectory of the Moray drive.
In the second simulation, the optimal trajectory was induced in the case of taking into account of arm dynamics. The number of the links and their length were the same as that of the first simulation. The mass of each link was set at 2.0 kg. The tracking motion is assumed to be a bang-bang motion with the operation time s. Fig. 10(b) shows one of such optimal trajectories. While the acceleration/deceleration rate was low and the dynamic effect was weak, the obtained optimal trajectory was close to the Clothoid spiral. Corresponding to the increased acceleration/deceleration rate and high dynamic effect, the arm was found to generate a trajectory straightly advancing as shown in Fig. 10(b) .
It is interesting to see that, the larger the dynamic effect, the more the trajectory deviated from the Clothoid spiral, and a more straight trajectory was selected. The close-to-straight-line trajectory increases the angular velocity of the joints located near the outlet, but requires a small torque of the joints at the outlet. Between those two factors, the latter might be dominant and a trajectory closer to the straight line was regarded to consume less power. One of such example was the case where the acceleration/deceleration is 3.53 m/s . In such case, the maximum output power of the slider was 90.3 N m/s. The output power at the joint was highest, being 4.35 N m/s, when the end-effector passed from the outlet by 54% of the trajectory length. The data obviously indicated that the slider was heavily loaded for the output, while the power at the joint was reduced.
The third simulation was conducted to compare the energy efficiency between the Moray drive and the pseudoinverse-based technique [32] . For simplicity and stability in the local optimization problem of redundant manipulators, the nonweighted pseudoinverse that minimizes joint accelerations was used for the pseudoinverse-based technique. It is known that the Moray drive, including the slider energy, consumed more energy than the pseudoinverse-based technique. However, in the case that only the energy consumption at joints is considered, the Moray drive consumed only 1/1.37-times of the pseudoinverse-based technique. These data also confirmed that the Moray drive has the capability to down-size the joint driving system. 
B. 2-DOF Moray Drive Control
The Moray drive control generates the extreme motion of the Moray arm, where the arm is tightly restricted on the trajectory. It would be, thus, not efficient in terms of power consumption. The motion of the Moray arm generated by 2-DOF Moray drive control is not restricted on the trajectory, and a more optimal motion of the Moray arm in terms of power consumption could be generated. Thus, we introduce here the 2-DOF Moray drive control and discuss its optimal trajectory.
It is not a easy task to optimize a motion of the Moray arm generalized by 2-DOF Moray drive control. Although the postures at the initial and final stages are set, the motion between them can be selected freely; the optimal motion should be calculated by direct dynamics, which usually requires extremely time-consuming calculations. The expression by Fourier series and derivation through convergence calculation are, thus, introduced to solve the 2-DOF Moray drive control problem.
1) Reduction of Hyper-DOFs to 2 DOFs:
The 2-DOF Moray drive control reduces the control problem of the hyper-DOF to a simple one of 2 DOFs: one of the control variables signifies the linear combination of the objective initial and final postures of the arm, while another expresses the amount of the pull-out-displacement when pulling the arm out of the housing (Fig. 11) . In 2-DOF Moray drive control, if we define the initial arm posture with a sliding distance and the final posture with a sliding distance (where is the operation time), the arm posture at time is given by a linear combination of these two postures, and is expressed as (4) where is the mixing ratio of the initial and final arm postures. Same as that in the Moray drive control, the joint angles can be obtained by (2) in the 2-DOF Moray drive control.
From (1) and (4), we know that the independent variables to define the arm posture is reduced to two variables in the 2-DOF Moray drive control and the arm posture is determined by two parameters: the mixing ratio and the sliding motion distance . Note that defines one rotating DOF of the Moray arm and defines its one prismatic DOF. Using these two parameters, 2-DOF Moray drive control could determine the arm postures and control the Moray arm.
The 2-DOF Moray drive control might seem anything but "optimal," as it drastically reduces the degrees of the freedom to two. More degrees of freedom might indeed be desirable for the case of a general motion from a long and complex curved posture to another long and complex curved posture. However, a practical Moray arm will not be able to have very far different posture from the initial and final curved postures, because its posture must be simple and the joint motion should be small. The 2-DOF Moray drive may make the motion of 2 DOFs, but the arm starts and ends at arbitrarily given Moray arm postures; it could be said to generate "pseudohyper-redundant" motion. In this case, the self-collision between the joints is simultaneously avoided.
For an optimal movement, the initial and final postures must be rationally selected. This requires a specific technique to optimize, for example, the power consumption of all joint actuators in the stationary state while satisfying the boundary conditions at the outlet of the housing:
. This needs to be developed, but will be discussed in future studies. The following discussion will focus on the control problem of the two variables and .
2) Optimal Trajectory of 2-DOF Moray Drive Control:
Here, we propose a technique to express the motion with two variables by Fourier series and to derive the optimal motion trajectory by convergence calculation of steepest ascent.
The two variables of the 2-DOF Moray drive control can be described by a Fourier series as (5) (6) In (5) and (6), and are the functions that satisfy the boundary conditions of the variables and at the time and
The functions and can be chosen arbitrarily, and one of the examples used in this paper is (9) (10) If the functions are expressed by (9) and (10), the boundary conditions (7) and (8) These relations, true for boundary conditions, greatly simplify the required calculation for convergence; this is the major advantage of the analysis method by Fourier series.
When the order of the series is , the number of the coefficients is for each control variable. As shown in (11)- (14) , there are four constraints, and the total independent parameters, thus, are (15) If these variables are expressed by a coefficient vector , an objective performance function can be expressed as and the optimal motion is derived by adjusting the coefficient vector by steepest ascent.
Note that the optimization technique by using the steepest ascent generally makes the solution fall in local minimal point. To solve the problem, an algorithm, where the objective performance criterion is firstly approximated by a two-order function and the optimal solution is then derived by double searches (first search for the optimal solution of two-order function, and second for the optimal solution of the original performance criterion while using the solution of the first search as initial value), has been proposed [31] . We used this algorithm to derive the optimal motion that optimizes the objective performance function .
For example, in the case that , the order of the coefficient vector comes out as 2 by means of (15 
As a result, the coefficient vector can be given by (21) For the objective performance function , we can introduce any criterion, e.g., 1) total square-sum of joint torques; 2) peak value of the power consumption among the actuators; and 3) total consumed energy, etc.
3) Simulation Experiments: Computer simulation was executed to verify the effectiveness of the 2-DOF Moray drive control.
[Conditions] The parameters used are as follows: Arm DOF, 7; link length, 0.5 m; diameter of link, 0.1 m; link mass 1.0 kg; mass of slider, 10 kg; motion time T, 1.0 s.
The used posture functions of the Moray arm at the initial and final stages are This represents the motion of the Moray arm in a Clothoid spiral, which was adopted in Section III-A-1 as a basic curve for an optimal extreme motion.
The optimal motion was derived through the convergence calculation by steepest ascent of a third-order Fourier series with the initial motion functions of (9) and (10) . The objective performance function is set as the total square-sum of joint torques as (22) As seen, this criterion does not include the power consumed by the slider, the criterion is, thus, interpreted as the one which generates a motion to subrogate as much power as possible to the slider actuator. The convergence calculation was made 10 steps.
[Results and Comparison With Other Motions] Some of the results are shown in Fig. 12 . Fig. 12(a) shows the initial swing motion with (10), while Fig. 12(c) gives the converged motion of the 2-DOF Moray drive control.
The results of the optimized 2-DOF Moray drive control are shown in Table I and Fig. 13 for comparison with the traditional swing motion which corresponds to the initially given swing motion, and the extreme motion under the same boundary conditions. As shown in Table I , the required torques in the optimal 2-DOF Moray motion was 38.2% below that of the simple swing motion and 11.5% below that of the extreme motion. Clearly, the 2-DOF Moray drive control, if used for optimizing the motion, results in a far lower burden on the joint torques than the traditional swing motion and Moray drive control schemes.
From the above results, we also know that the motion of the Moray arm via the Moray drive control requires more joint torques than that via the swing motion. This is because the arm is tightly restricted onto the trajectory and lost more flexibility to optimize the motion. The Moray drive control, however, is still useful for the application in the restricted space and in the fluid.
[Changes in Optimal Arm Motion Due to Gravity] When the Moray arm is used in a gravitational field, the optimal motion of the arm is affected by gravity. Although the intended motion may be the same, different motions are expected to be generated for the arm, depending upon the orientation of the housing with respect to the direction of gravity.
Three simulations were set up for different postures of the Moray arm with regard to the gravitational direction as shown in Fig. 14 . Table II lists the results of the optimal trajectory calculations for these cases. Effective use of the slider shows distinctly the different trajectories for case (1) , where the arm swings like an inverted pendulum, and case (3) , where the arm is hung like a pendulum; in the latter, the motion makes more use of the inertia of the arm. Generally speaking, the 2-DOF Moray drive control requires only 30% to 60% of the required torques in the traditional swing motion.
[Comparison in Underwater Environment] The Moray arm driven by the Moray drive control and 2-DOF Moray drive control is expected to greatly reduce the fluid resistance during operation while it is used in a fluid. The following simple simulations were carried out for a quantitative estimation of this effect.
This simulation was based on the following assumptions: 1) each link of the arm is cylindrical; 2) the arm moves in a horizontal plane; 3) the additional mass resulted from fluid effect is neglected for a first-order approximation; and 4) the fluid is water with no flow.
The forces acted at the center of gravity toward the axial direction and normal direction of the th link and the moment around the vertical axis are respectively represented as , and , which can be described by Wherein, , are the axial and normal directional fluid resistance coefficients of the cylinder, is diameter of the link and is the fluid density. The motion in fluid can be analyzed when those resistances are added to the equations of the motion.
From the simulation result shown in Table III , it is known that optimization with the 2-DOF Moray drive control enables a drastic 99% reduction in torque, and the optimized motion of the 2-DOF Moray drive in water comes very near with the extreme motion of the Moray drive; this is a consequence of the planning to avoid the swing motion with high fluid resistance. It is interesting that the torque during the optimized 2-DOF Moray drive control was so much lower than that in the extreme motion; about 1/41 the value. This is probably due to the lower restriction on the optimized 2-DOF Moray drive motion.
IV. OBSTACLE AVOIDANCE CONTROL ALGORITHM FOR MORAY ARM
One feature of the Moray arm is its ability to easily avoid the obstacles. Here, we, thus, discuss the obstacle avoidance control algorithm of the Moray arm.
Many obstacle avoidance control techniques for manipulators [33] - [36] have been proposed, however, they cannot be directly extended to the obstacle avoidance control of the Moray arm because of the complexity. In this section, we propose an obstacle avoidance control scheme which is more suitable for the Moray arm.
The motion of the Moray arm generated by Moray drive is along the given trajectory, thus, is ideal for avoidance of obstacles since the arm passes through very narrow space. If the obstacles do not exist on the trajectory, obstacles are very easily avoided by the Moray drive control. As stated in Section III-B, since the arm is tightly restricted on the trajectory, it is not efficient in terms of power consumption. The motion of the Moray arm generated by 2-DOF Moray drive control is not restricted on the trajectory, hence, a more optimal motion of the Moray arm in terms of power consumption can be generated. However, in the case that the obstacles exist between the initial and final arm postures, the Moray arm has higher possibility to collide with obstacles in 2-DOF Moray drive. Therefore, a proper obstacle avoidance control scheme must be required in the case of using the 2-DOF Moray drive control to drive the Moray arm in the environment where obstacles exist. In this paper, for simplicity and possibility of real-time control, the obstacle avoidance scheme based on the Posture Space analysis is proposed for the Moray arm controlled by the 2-DOF Moray drive, on assumption that the obstacles do not exist on the initial and final arm posture. How to decide the final arm posture in the environment with obstacle from a given target point will be investi- The algorithm for Moray arm to avoid the static obstacles via 2-DOF Moray drive control, proposed in this paper can be briefly described as follows.
• Map the workspace of the Moray arm onto its posture space.
• Create the obstacle collision-free trajectories in the posture space, and find the optimal one from all possible obstacle collision-free trajectories.
• Perform the task in the workspace where the static obstacles exist. Next, we discuss them step by step.
A. Obstacle Map in the Posture Space
The variables and , which configure the arm posture, generate the posture space AE of the Moray arm. Through changing arbitrarily the values of and between their boundary and finding out the collision data with obstacles, obstacle map in posture space can be generated. Fig. 15(b) shows one example of the obstacle map in posture space corresponding to that in workspace shown in Fig. 15(a) . It should be noted here that the obstacle data shown in Fig. 15(b) is the one after cell decomposition. Through the cell decomposition of the original continuous data, the operation to generate the obstacle avoidance trajectories would become easier. In this paper, we, thus, use the cell data to plan a collision free trajectory of the Moray arm from obstacles. 
B. Obstacle Avoidance Trajectory Generation Algorithm in the Posture Space
The obstacle avoidance trajectory in the posture space (see Fig. 16 ) is generated by following algorithm. 3) Connect each part of trajectories (the straight line from S to S 0 1 , the shorter one of two obstacle's contours from S 0 i to E 0 i , the straight line from E 0 i01 to S 0 i , and the straight line from E 0 K to E) to generate the obstacle-collision free trajectory.
C. Quasi-Optimization of the Obstacle Avoidance Trajectory
The obstacle avoidance trajectory in the posture space generated by the above-stated algorithm is along the contour of the obstacles. It must not be the shortest one in the global meaning. Here, we introduce a method to quasioptimize the obstacle avoidance trajectory to obtain a quasiminimum obstacle avoidance trajectory in posture space. It should be pointed out here that the shortest collision free trajectory in the posture space should be not the shortest one in the workspace, and is not optimal in terms of energy consumption. In this paper, we have concentrated the discussion on the real-time obstacle avoidance control. The obstacle avoidance control problem with consideration of the energy consumption and manipulator dynamics will be discussed in future studies. Suppose that we have an obstacle avoidance trajectory as shown in Fig. 17(a) , then the quasioptimized obstacle avoidance trajectory can be easily derived by finding the points on the obstacles' contour that could be connected by lines tangent to the contour. Fig. 17(b) shows one simple example. The method, however, can be also used for more complicated cases.
When the obstacle avoidance trajectory in the posture space is obtained, as stated in Section III, the obstacle avoidance trajectory in the joint space (or configuration space) is easily generated from (2).
D. Simulation Experiments
We have used the Moray arm shown in Fig. 4 to simulate the proposed obstacle avoidance trajectory generation algorithm. The length of each link of the arm is 0.08 m and the obstacles are simply given by two circles with radius 0.05 m centered at (0.49 m, 0.03 m) and (0.61 m, 0.11 m), as shown in Fig. 15(a) . The Clothoid curve is selected as the initial and final postures of the Moray arm (26) where is the constant defined from the end position of the Moray arm. Therein, rad/m was used for initial arm posture and rad/m was used for final arm posture. 2-DOF Moray drive and the algorithm via Moray drive both work well, and the obstacles existed in static state are well avoided globally.
V. CONCLUSION
In this paper, we first introduced a multijoint manipulator named "Moray arm," which is a slider-integrated multijoint manipulator where a powerful slider is installed at the base of the arm. We then presented new control methods named "Moray drive" and "2-DOF Moray drive" specifically for the Moray arm. The Moray drive control generates rotating motion of the joints in synchronization with linear motion of the slider while restricting the arm onto the trajectory. The computer simulations proved that the basic trajectory of the Moray drive was conceived to be Clothoid spiral, and the optimal trajectory of the Moray drive taking into account the arm dynamics became closer to a straight line rather than Clothoid spiral. The 2-DOF Moray drive control reduces the control problem of the hyper degrees of freedoms to a simple one of 2 DOFs: one of the control variables signifies a rotating DOF of the Moray arm, while another expresses a prismatic DOF of the arm. A scheme to generate the optimal motion trajectory of the 2-DOF Moray drive was proposed by using Fourier expansion and steepest ascent. The characteristics of the motion ordered by the scheme were demonstrated by simulation, including the motion with different postures in a gravitational field and motion in water.
In addition, to elucidate the feature of the Moray arm easilyavoiding the obstacles, we also proposed an obstacle avoidance control scheme for the Moray arm to perform a pick-and-place task while avoiding the existing static obstacles in environment. The new obstacle avoidance scheme is based on the 2-DOF Moray drive and the analysis in the posture space, where two parameters were used to determine the Moray arm posture. The simulations through the computer and a hardware platform were also executed, and showed that our method works well.
In applying the hyper-redundant manipulator to practical use, the authors believe that the Moray arm will be regarded as one of the basic mechanisms, and the Moray drive control and the 2-DOF Moray drive control as the basic control techniques. Problems such as optimal Moray drive in 3-D space can be further investigated in the future.
APPENDIX I DERIVATION OF (3)
Equation (3) is to be derived under the conditions stated in Section III-A-1.
As shown in Fig. 21 , the angle of the th link with respect to the axis is given by under the conditions stated in Section III-A-1. The angle change of the th link can be obtained as Thus, the curvature is given based on its definition of curve as (27) where, 2) Differentiating (27) with respect to time, we have (28) where The scalar product of (28) with the vector is given by (29) It shows that the projection component of the velocities and onto the link are equal. From (29) , the velocities , under the condition that the slider is driven at the velocity , can be recursively calculated while setting the initial velocity . The joint angular velocity can be obtained by substituting the velocities , and the joint angle into (28). 3) Differentiating (28), we can have (30) The same as 2), scalar product of (30) with the vector is derived and the equation (31) should hold. Consequently, the accelerations , under the condition that the slider is driven at the acceleration , can be recursively calculated based on . The joint angular acceleration can be obtained by substituting the above-mentioned , and , into (30). 4) The velocity and acceleration , of the center of gravity of the th link can be derived from (32) and (33) (32) (33) where is the vector from the joint leading up to the center of gravity . 5) Force and torque applied to the link at the joint can be derived by means of the Newton-Euler equation. Euations (34) and (35) express the relation of the force and torque of the joints and (34) (35) where is the vector from the center of gravity leading up to the joint . 6) As the prerequisite, the actuator is assumed to be the normal dc motor without a regenerative brake. The power to be generated is, thus, given by (36) where .
